ABSTRACT The recA protein ofEscherichia coli promotes the complete exchange of strands between full-length linear duplex and single-stranded circular #X174 DNA molecules. Analysis of the reaction by electron microscopy confirms that D loops containing short heteroduplex regions are rapidly formed at the ends ofthe linear duplex, followed by a relatively slow branch migration that converts the D loops to nicked circular duplexes (RFII) and displaced linear single strands. Heteroduplex extension and displacement of the linear single strand areconcerted. Heterologous sequences within the linear duplex halt branch migration and lead to the accumulation of D loops. Although D loops can be formed at either end of the linear duplex, recA protein-promoted branch migration proceeds uniquely in the 3' -) 5' direction relative to the (-) strand of the linear duplex.
the reaction by electron microscopy confirms that D loops containing short heteroduplex regions are rapidly formed at the ends ofthe linear duplex, followed by a relatively slow branch migration that converts the D loops to nicked circular duplexes (RFII) and displaced linear single strands. Heteroduplex extension and displacement of the linear single strand areconcerted. Heterologous sequences within the linear duplex halt branch migration and lead to the accumulation of D loops. Although D loops can be formed at either end of the linear duplex, recA protein-promoted branch migration proceeds uniquely in the 3' -) 5 ' direction relative to the (-) strand of the linear duplex.
Analysis of meiotic gene conversion in Ustilago maydis has led to the conclusion that DNA structures containing heteroduplex regions, with strands contributed from each of two DNA molecules, are intermediates in genetic recombination (1, 2) . The heteroduplex regions can be several thousand base pairs long (3) . Consequently, models for recombination invariably include a step in which strands from different DNA molecules are paired, followed by a reaction in which the heteroduplex thus formed is extended (4, 5) . The latter is termed "branch migration" and involves the movement ofa crossover junction, shortening or extending the heteroduplex with a reciprocal loss or gain of parental base pairs.
In vitro, the recA protein promotes the pairing of singlestranded (ss) DNA with single strands containing homologous sequences (renaturation) (6) or with homologous sequences within duplex molecules (strand assimilation or D-loop formation) (7, 8) . The latter is analogous to the pairing reaction believed to occur early in recombination.
We recently found that recA protein promotes, the complete exchange of strands between 4X174 (OX MATERIALS AND METHODS Materials. recA protein was purified to homogeneity as described (10) . Concentrations of recA protein were determined by using El = 5.16 based upon its amino acid sequence (11, 12) . SSB, purified from an overproducing strain (13) by a published procedure (14) , was the generous gift ofJ. Kaguni ofthis department. Nuclease S1 and yeast hexokinase were purchased from Sigma. BamHI was donated by P. Southern of this department. Other restriction endonucleases were purchased from New England BioLabs.
Preparation oflinear duplex and circular OX ssDNA has been described (9) . Circular M13 ssDNA and the RFI form of M13Goril [M13 DNA into which the G4 replication origin has been inserted (15) Proc. Natd Acad. Sci. USA 78 (1981) 6019 temperature. The DNA was transferred to grids coated with 3.5% parlodion, stained with uranyl acetate, and subjected to rotary shadowing with Pt/20% Pd at an angle of 80. DNA contour lengths were measured with a Hewlett-Packard 9810A calculator equipped with a digitizer at magnifications >60,000.
Restriction Endonuclease Analysis of Branch Migration. This assay measures the appearance ofradioactivity in fragments obtained after restriction endonuclease cleavage ofthe products of the reaction of unlabeled linear duplex with 3H-labeled OX ssDNA in the presence of recA protein and ATP. The appearance of label in a restriction fragment indicates that heteroduplex formation has occurred involving sequences within the fragment. By using the appropriate restriction map (see Fig. 4 ), the progress of branch migration can be followed.
In these experiments the concentrations of recA protein, SSB, and the X6X DNA substrates were doubled. This change increased the rate of the reaction by approximately 20%, although it had no effect on the fraction of substrate molecules that were converted to RFII. The circular X6X ssDNA was labeled with 3H (120,000 cpm/Ag). Aliquots (200 p1) were removed from the reaction mixture at the times indicated. Glucose (final concentration, 2.0 mM) and an amount ofhexokinase, determined empirically, that converted the ATP to ADP with a ti,2 of10 sec, were added immediately to halt branch migration (9), along with 8 units of restriction endonuclease (Hpa II, Hae III, or Hha I). The mixtures were incubated at 37C for 30 min; then 2.5 A1 of 10% (wt/vol) NaDodSO4 was added, followed by 60 A1 of 250 mM sodium acetate, 40% anion, pH -4.4/5 mM zinc acetate. Nuclease S1 [2.0 Sigma units (1 unit is defined as the amount needed to digest 1 Mg of ssDNA in 1 min at 37QC)], 3 Mg of OX ssDNA, and H20 were added to a final volume of 300 Ml. The mixture was incubated for 10 min at 37°C. tRNA (25 Mg) and 800 Ml ofabsolute ethanol were added and the samples were left for 14 hr at -20°C. The resulting precipitates were collected by centrifugation and the supernatants were removed.
The pellets were resuspended in 20 Ml of 1% NaDodSOJ 50% (vol/vol) glycerol/50 mM EDTA/0.04% bromphenol blue, and the samples were electrophoresed in an 8% polyacrylamide gel. The buffer used in constructing and running the gel contained 0.1% NaDodSO4, 40 mM Tris base, 20 mM acetic acid, and 2 mM EDTA. After electrophoresis, the gel was soaked for 1 hr at 37C in EN3HANCE, with gentle shaking, and then in 2% trichloroacetic acid for 1 by relatively slow branch migration. Second, in >99% of the D loops examined, one end of the linear duplex was clearly involved in the reaction, consistent with the conclusion that Dloop formation originates at an end. In a separate survey, three molecules were observed in which D-loop formation appeared to originate in the interior ofthe duplex. Because a small fraction (<5%) of the linear duplexes contained nicks, it is likely that the D loops in these molecules were generated at the nicks (16) . Finally, it is apparent from Fig. 1 Proc. Nati Acad. Sci. USA 78 (1981) As expected, no reaction occurred in the absence of ATP. When ATP[-S] was substituted for ATP, D loops were again formed; however, the frequency was lower than that observed with ATP, and the D loops were not converted to RFII, confirming earlier results (9, 17) . The heteroduplex regions in 11 of these D loops (chosen at random) were measured and found to be evenly distributed between 220 ± 50 and 1970 ± 150 base pairs. Because spontaneous branch migration (18) may occur after D loops have been formed, the longer heteroduplex regions observed in the presence ofATP[y-S] are not necessarily a result of the action ofrecA protein. As with ATP, the reaction originated at the ends of the linear duplex.
Reactions were also performed with circular ssDNA from bacteriophage M13 and linear duplexes derived from M3Gorsl. When cleaved by BamHI, the RFI form of M13Goril is converted to a linear duplex that contains [from the 3' end of the (-) strand] 3351 base pairs of M13 sequence followed by 2216 base pairs of the heterologous (G4) sequence and finally the remaining 3056 base pairs of M13 sequence (15) . The heterologous sequences effectively blocked heteroduplex extension Cable 1). However, D loops were generated at a high frequency. The heteroduplex regions of21 ofthe D loops observed at 60 min were measured. The shortest was 950 base pairs long and none exceeded 3300 ± 150 base pairs, consistent with the known boundary ofthe heterologous sequences in the M3Goril DNA.
The results presented in Table 1 Lack of Polarity of D-Loop Formation. In both of the reactions described above, a significant proportion of the D loops were "double" 'i. e., a single-stranded circle had reacted with two linear duplexes or vice versa. Examples of these structures are shown in Fig. 2 . At 10 min, these structures represented approximately 2% of the total D loops. In a separate survey of 26 ofthese structures, 23 were structure A (Fig. 3) . Four (Figs. 4 and 5 ) demonstrated that, in contrast to D-loop formation, branch migration does have a unique polarity. The first Hpa II fragment to be labeled was lb, located at the 3' end of the (-) strand of the linear duplex generated by Ava I cleavage. The last to be labeled was fragment la, located on the opposite end of the linear duplex. As complete RFIIs were generated, fragment 1 became prominent with an accompanying decrease in label in lb. Much of the increase in label in la resulted from nuclease Si cleavage of fragment 1 at the nick at the Ava I site. Fragments 1 + la acquired 50% of their maximal radioactivity at least 11 min after this point was reached in fragment lb. A similar result was obtained when the Hae III or Hha I was used in place of Hpa II (not shown).
This result clearly demonstrates that, although D loops can be generated at either end of the linear duplex, recA proteinpromoted branch migration has a unique polarity. The polarity is 3' --5' relative to the (-) strand in the linear duplex, which serves as the acceptor strand for heteroduplex formation with the circular (+) OX ssDNA.
There was a background of radioactivity in all the restriction fragments, even at early time points. This background could result from interaction between substrate molecules damaged during isolation (nicked duplexes or linearized single strands) which are present to some extent in all DNA preparations. Alternatively, it could result from low levels of spontaneous branch migration from D loops generated at the "wrong" end of the linear duplex. We also cannot eliminate the possibility that the polarity of recA protein-promoted branch migration is not absolute. We have argued that mechanisms of branch migration in which recA protein moves processively along the DNA, or acts distributively at a branch point, are not consistent with available data (9) . The alternative we find most attractive is one in which the recA protein initially involved in D-loop formation acts as a core onto which other recA monomers can bind to form a growing filament. In fact, recA protein forms highly structured filaments in the presence of ATP or ATP[y-S] (19) . Filament growth would then drive branch migration. Possibly, the polarity of branch migration is a consequence of an asymmetry of the two ends of the filament coupled to the polarity of one or more of the DNA strands involved in the reaction. Note Added in Proof. After this paper was submitted, Charles Radding and Stephen West kindly communicated to us their independent findings that D loops are found predominantly at the 3' end ofthe (-) strand of a linear duplex in systems similar to the one described here. 
DISCUSSION

